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ABSTRACT. To determine whether nitrogen or light exerts the most control for the rates of carbon production of ice algae and
phytoplankton under the ice, nitrogen addition (NO3 or NH4) and light increment experiments were executed on the landfast sea
ice of Barrow, Alaska, during the 2003 growing season by using a 13C-15N dual isotope tracer technique. The productivity of the
bottom sea ice algae and phytoplankton at Barrow in 2003 was limited mainly by low light levels (approximately 0.3% of the
surface irradiance) at the bottom under the snow-covered sea ice. The carbon and nitrate uptake rates of ice algae and
phytoplankton increased as the incubation depth in the ice hole decreased and light intensity increased. In addition, under higher
light conditions, the relative production of proteins of the bottom ice algae decreased, whereas the lipid proportion increased. The
higher level of lipid synthesis of the ice algae might be significant to the nutrition of zooplankton and benthos because lipids are
the most energy-dense biomolecules.
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RÉSUMÉ. Afin de déterminer si c’est l’azote ou la lumière qui exerce le plus grand contrôle sur les taux de production de carbone
émanant des algues de glace et du phytoplancton sous la glace, des expériences consistant en l’ajout différentiel d’azote (NO3 ou
NH4) et de lumière ont été effectuées sur la glace de mer côtière de Barrow, en Alaska, pendant la saison de croissance de 2003
grâce à une technique de traceurs d’isotopes mixtes de 13C-15N. La productivité des algues de glace de mer et de phytoplancton
de fond à Barrow en 2003 a été surtout restreinte par les faibles taux de lumière (environ 0,3 % de l’éclairement de la surface) au
fond, sous la glace de mer couverte de neige. Les taux d’absorption de carbone et d’azote chez les algues de glace et le
phytoplancton augmentaient au fur et à mesure que la profondeur d’incubation du trou de glace diminuait et que l’intensité
lumineuse s’intensifiait. De plus, lorsque les conditions de luminosité étaient plus grandes, la production relative de protéines des
algues de glace de fond diminuait, tandis que la proportion de lipides grimpait. Le taux plus élevé de synthèse des lipides des algues
de glace pourrait revêtir de l’importance dans la  nutrition du zooplancton et du benthos parce que les lipides sont les biomolécules
les plus denses en énergie.
Mots clés : algues de glace, phytoplancton, production de carbone, synthèse des lipides, macromolécules, glace de mer côtière,
Barrow
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INTRODUCTION
Recently, the Arctic has been changing at a very rapid rate.
Higher temperatures have decreased the extent and thick-
ness of perennial sea ice in the Arctic Ocean over the past
40 years and have produced more open water (Rothrock et
al., 1999, 2003; Vinnikov et al., 1999). Serreze et al.
(2003) and Comiso (2006) found that Arctic sea ice extent
and area during 2002 – 05 were at their lowest levels
recorded since 1978. The results from Laxon et al. (2003)
suggest that continued increase in the length of the melt
season will cause further thinning of Arctic sea ice. These
changes in ice thickness and extent may alter light condi-
tions through the sea ice and thus carbon and nitrogen
production rates, as well as the physiological conditions of
sea ice algae and phytoplankton. As a consequence of
these changes, the seasonal distributions, geographic
ranges, and nutritional structure of zooplankton have been
projected to be altered (Tynan and DeMaster, 1997). More
studies of seasonal and annual production rates and physi-
ological conditions of ice algae and water column
phytoplankton are needed to improve our understanding of
the impacts of current and future climate changes on the
marine ecosystems in Arctic communities.
Sea-ice algae at the bottom of first-year ice account for a
substantial proportion of the primary production in the
Arctic Ocean (Horner and Schrader, 1982; Gosselin et al.,
1997; Mock and Gradinger, 1999) as well as in the Antarctic
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oceans (Arrigo et al., 1997; Lizotte, 2001). The contribution
of ice algae to total primary production ranges from less
than 1% in the coastal regions (Alexander and Chapman,
1981) up to around 60% in the central ice-covered ocean of
the Arctic (Gosselin et al., 1997). The ecological impact of
ice algal production is important to the secondary produc-
tion because it can increase the primary production season
by up to three months in spring (Apollonio, 1965; Alexan-
der, 1980; Legendre et al., 1981) and thus provide an initial
food resource for zooplankton grazers in polar oceans
(Michel et al., 1996; Lizotte, 2001).
There have been many studies to determine which factors
control the production of ice microalgae in both the Arctic
and the Antarctic oceans. A number of physical and chemi-
cal factors, such as light and nutrients, limit primary produc-
tion of phytoplankton in the water column or ice algae
within sea ice in polar oceans (Arrigo, 2003). It is difficult
to determine the specific factors that control primary pro-
duction. However, the production and biomass of
phytoplankton or ice algae in the Arctic Ocean are control-
led mainly by light (Horner and Schrader, 1982; SooHoo et
al., 1987; Cota and Smith, 1991), or nutrients (Gosselin et
al., 1990; Smith et al., 1997), or both, depending on the
region and the stage of algae development (Smith et al.,
1988; Taguchi and Smith, 1997). For example, some studies
concluded that low light intensities that are transmitted
through the snow-covered sea ice were a major factor
influencing the production of bottom-ice communities
(Horner and Schrader, 1982; SooHoo et al., 1987; Cota and
Smith, 1991). Other studies showed that the addition of
nutrients stimulated the production rate, evidence that the
availability of macronutrients such as nitrogen and silicate
was the main limit on the production of ice algae. Stimula-
tion of the biochemical characteristics and the physiological
status of ice algae also indicated nutrient-limited conditions
(Gosselin et al., 1990; Smith et al., 1997). However, Lavoie
et al. (2005) confirmed that light was the main limiting
factor at the beginning of the growth season and nutrients
became limiting factors in later stages.
The primary objective of this study was to determine
whether nitrogen (NO3 or NH4) or light exerts the most
control on the production rates of ice algae in the bottom
layer of sea ice and phytoplankton under the ice in a
landfast sea-ice zone, Barrow, Alaska. The second objec-
tive was to evaluate possible changes in the physiological
condition of sea-ice algae (and thus light intensities) at
different depths in an ice hole by determining carbon
allocation into different macromolecules as photosyn-
thetic end products.
MATERIALS AND METHODS
Study Area
Sampling was conducted on smooth landfast first-year
sea ice located approximately 1.0 km offshore from the
Naval Arctic Research Laboratory, Barrow, Alaska
(71˚20' N, 156˚39' W) (Fig. 1). The sampling site was
located approximately midway between the shore and the
active pressure ridge. The water depth at the sampling
sites was approximately 4 –5 m below the bottom of the
ice. The landfast sea ice attached to the coastal land is
formed every year. Currents in this coastal area vary
seasonally, and the current speed, estimated by Alexan-
der et al. (1974) in ice-free periods during summer, was
between 0.5 and 4.0 knots.
In situ ice algal and phytoplankton productivity
incubations were undertaken on the landfast sea ice at
Barrow on 28 April, 20 May, and 9 June 2003. In general,
ice algae in the study area started to grow in early March
and declined in late May (Lee, 2005). Photosynthetic
carbon allocations of different macromolecules were
analyzed from the ice algae productivity incubation on
28 April, when the algal biomass was highest.
Inorganic Nutrient and Chlorophyll-a Analysis
Water samples for nutrient and chlorophyll-a analysis
were collected at 1 m increments from the bottom of the ice
to 4 m depth using a Kemmerer water sampler (1.2 L)
through ice holes and kept frozen at -20˚C until analysis.
For nutrients in ice, three or four ice cores were obtained
within 1 m diameter distance by 8 cm diameter SIPRE
corers, and each 10 cm section of the ice cores was cut off
and melted in the dark at room temperature. This proce-
dure could potentially affect NH4+ concentration in the
melted-ice samples through nutrient regeneration. The
bottom 10 cm section of the ice core was cut off again at
3 cm from the bottom, since most of the ice algal biomass
was concentrated in the bottom 3 cm of the ice cores. After
complete melting, each sample was mixed and divided
into nutrient and chlorophyll-a aliquots. The water for
nutrient analysis was frozen without filtering, and concen-
trations of inorganic nutrients (nitrate, ammonium, sili-
cate, and phosphate) were determined in the laboratory
using an automated nutrient analyzer (ALPKEM), follow-
ing methods of Whitledge et al. (1981). Samples for the
determination of total chlorophyll-a concentration were
filtered onto Whatman GF/F filters (24 mm). The filters
were frozen and returned to the laboratory for analysis.
The filters were subsequently extracted in a 3:2 mixture of
90% Acetone and DMSO (Webb et al., 1992) for 24 hours
and centrifuged as described by Parsons et al. (1984).
Concentrations of chlorophyll-a were measured using a
Turner Designs model 10-AU fluorometer that had been
calibrated with commercially purified chlorophyll-a prepa-
rations. After chlorophyll-a concentrations had been meas-
ured, 100 µl of 10% HCl solution was added into the
extracted solution and stored in a test tube rack for about
90 seconds to degrade chlorophyll-a into phaeopigments.
A final fluorescence reading was taken after the acidifica-
tion. The methods and calculations for chlorophyll-a and
phaeopigments were based on Parsons et al. (1984).
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Light Intensity Experiments
Three or four bottom 3 cm sections of ice containing ice
algae were obtained by SIPRE corers, distributed into five
polycarbonate incubation bottles (460 ml), and topped up
with 400 ml of filtered seawater. To measure the uptake
rates of carbon and nitrogen, heavy isotope-enriched (98%
to 99%) solutions of H13CO3, K15NO3 or 15NH4Cl were
added to the bottles at concentrations of ~0.3 mM (13CO2),
~1.0 µM (15NO3) and ~0.1 µM (15NH4) (Dugdale and
Goering, 1967; Hama et al., 1983). For the phytoplankton
productivity experiment, water was collected from 2 m
depth below the bottom of the ice. Two sets of bottles for
ice algae and phytoplankton were tied (facing upwards) to
each anchor line and deployed at the different depths
(0.1, 0.5, 1.0, 1.4, and 3.5 m below the surface of the top
ice; Fig. 2a) through each ice hole. The locations at various
depths in an ice hole had different light intensities. The
light experienced at each depth was measured with a
LICOR 4π light sensor facing upward and a surface radia-
tion reference (LI-190 quantum sensor), which was used to
provide estimates of light intensity for each of the different
incubation depths. We note that these estimates are only
relative as we did not account for attenuation by the
incubation bottles and their contents or changes made to
the surface between light measurements and deployment
of the incubation set-up. During the incubation, three
layers of ice cores covered the top of the holes to limit
direct light penetration. The samples were incubated at in
situ water temperature (~-1.5˚C) and light for 4 – 5 hrs
around local noon. They were then retrieved and brought
to the lab in a dark, insulated box for filtration. The
weather was mostly cloudy during the incubation hours.
On 28 April 2003, because ice algal biomass in the melted
water of ice productivity bottles was so high, only 50 ml
from each bottle was filtered onto 24 mm GF/F filters for
carbon and nitrogen uptake rates, and the rest of the water
was filtered onto 47 mm GF/F filters for photosynthetic
carbon allocation of ice algae under different light
intensities. The filters were immediately frozen at -20˚C
and preserved for mass spectrometric analysis at the stable
isotope laboratory of the University of Alaska Fairbanks
(UAF). Particulate organic carbon and nitrogen and abun-
dance of 13C and 15N were determined in the Finnigan
Delta+XL mass spectrometer after HCl fuming overnight
to remove carbonate. Carbon and nitrogen production
rates were calculated according to Hama et al. (1983) and
Dugdale and Goering (1967).
For comparison, α (photosynthetic efficiency, mg C
(mg Chl a)-1 (µE m-2 s-1)-1 h-1) and Ik (photoacclimation
parameter) in Figure 3 from the light enhancement experi-
ments were calculated using the equation of the light
saturation curve of photosynthesis (Platt et al., 1980):
PB = PBS [1 - exp (-αI/PBS)] exp (-βI/PBS) (1)
where PB (mg C (mg Chl a)-1 h-1) indicates that the carbon
fixation rate P (mg C h-1) is normalized to the chlorophyll
biomass B (mg Chl a), PBS (mg C (mg Chl a)-1 h-1) is the
maximum fixation rate, and β (same unit as α) describes
the strength of the photoinhibition, and I (µE m-2 s-1), the
strength of photosynthetically active radiation (Platt et al.,
1980). Light intensities were relative estimates; therefore,
the parameters derived from fitting equation 1 will be
relative as well.
Nutrient Concentration Experiments
To determine the effects of ammonium and nitrate
concentration on carbon uptake rates of ice algae and
phytoplankton in the water column, in situ productivity
incubations under different concentrations were under-
taken in parallel with the light increment experiments on
28 April, 20 May, and 9 June 2003. We used the same
collection methodology described for inorganic nutrient
and chlorophyll-a analysis to obtain samples for produc-
tivity measurements. We added differing amounts of
concentrated NO3 solution (10 mM) into six bottles and
NH4 (5 mM) into another six bottles to measure ice algae
productivity. A second set of 12 bottles was prepared to
measure phytoplankton productivity. Concentrations of
injected nutrients for the six incubation levels were (1) 0,
(2) 2.2 µM, (3) 4.4 µM, (4) 6.5 µM, (5) 8.7 µM, and
(6) 10.9 µM, except that the concentration of NO3 added at
level 6 was 13.0 µM for ice algal incubation. Then 13C
isotope tracer was added to all the bottles. After the water
in each bottle was well mixed, approximately 20 ml water
from each bottle was taken for initial nutrient concentra-
tions before the incubations were started. Ice algal bottles
were then deployed below the ice, and the bottles for
phytoplankton were deployed about 2 m below the ice
(Fig. 2b). The bottles were ordered top-to-bottom along
the rope from lowest to highest amount of nutrients. After
4 – 5 hrs incubation, the bottles were retrieved and brought
to the lab in a dark, insulated box for filtration. Another
20 ml water was taken for the final measurement of
nutrient concentration, and the rest of the water was fil-
tered for measurement of carbon uptake rates.
FIG. 1. Location of the primary sampling site near the Naval Arctic Research
Laboratory at Barrow, Alaska.
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Photosynthetic Carbon Allocation in Ice Algae Community
To evaluate the changes in the photosynthetic carbon
allocation of the ice algae community under different light
conditions, we analyzed relative rates of production of
different macromolecules from the ice algal productivity
experiment on 28 April 2003, when the bottom ice algal
biomass was sufficiently large to conduct the experiment.
The differential extractions of macromolecular classes—
low-molecular-weight metabolites (LMWM), lipids, pro-
teins, and polysaccharides—were performed using the
method of Li et al. (1980). The filters with particulate
material were cut into small pieces and transferred into test
tubes. Three ml of chloroform-methanol (2:1 v/v) were
added to the test tube and ultrasonified for 20–30 minutes
to extract lipids and LMWM from the ice algae on the
filters. After the extraction, the suspension was collected
by a Pasteur pipette and stored in new test tubes. This
extraction procedure was repeated three times. When the
extractions were completed, 1.5 ml distilled water was
added to the solution in the tube. The mixture was shaken
vigorously three or four times for 2–3 minutes and set up
for separation of the chloroform phase for lipids and the
methanol-water phase for LMWM. The filters were re-
suspended in 4 ml of 5% TCA (trichloroacetic acid) and
heated at 95˚C for 20–30 minutes. The suspension was
collected with a Pasteur pipette for extraction of
polysaccharides (TCA-soluble). The filters were extracted
with a further 4 ml of 5% TCA one more time, washed with
5% TCA solution, and saved for protein analysis (TCA-
insoluble). Abundances of 13C for different macromolecular
classes were determined in the Finnigan Delta+XL mass
spectrometer at UAF. A separate measure of total carbon
assimilation per each class was not made for this study
because total carbon abundance was too high for the mass
spectrometer to measure. So, the data from the results do
not indicate absolute carbon production, but relative car-
bon assimilation for comparison.
RESULTS
Physical parameters at the sampling sites on the landfast
sea ice at Barrow on 28 April, 20 May, and 9 June 2003 are
FIG. 2. Experimental set-up for carbon and nitrogen uptakes of ice algae and phytoplankton under (a) different light intensities at different depths (0.1, 0.5, 1.0,
and 1.4 m) of an ice hole and 2 m water depth under the ice and (b) different nutrient enrichments.
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summarized in Table 1. The ice thickness was similar,
whereas the snow depth fluctuated between observation
times. The chlorophyll-a concentration of the bottom ice
algae was highest on 28 April 2003. Temperature and
salinity in the water column (2 m) under the sea ice were
rather constant, although slight changes were noted at the
end of the season.
Light Intensity
The light intensity down the ice hole (diameter = 9 cm)
decreased rapidly from the surface to the 10 cm depth of
the ice hole. The light level at 10 cm depth ranged from
10.3% to 18.5% of the incident light at the surface from
28 April to 9 June 2003. Most light was attenuated at the
surface of ice covered by snow (3.5–20.0 cm). Under the
ice, the light intensity in the water column decreased
slowly with depth. The mean light at the ice-water inter-
face was about 0.3% (± 0.1%) of the incident surface
irradiance (Table 1).
Inorganic Nutrient Concentrations
Since the water under the ice was well mixed and the
concentrations of nutrients were essentially constant
through the 4 m water column to the bottom at Barrow
during the observation period, the concentrations at 2 m
water depth below the ice are presented in Table 2. NO3
concentrations increased slightly (from 6.5 to 7.3 µM)
from 28 April to 20 May, but then decreased to 2.2 µM on
9 June. NH4 concentrations decreased steadily from
3.2 µM on 28 April to 0.8 µM on 9 June, whereas the
concentrations of SiO4 increased from 24.8 µM on 28
April to 30.4 µM on 20 May and then decreased to 15.8 µM
on 9 June 2003. The concentration of PO4 in the water was
1.5 µM on 28 April and kept decreasing.
In contrast, the NO3 concentration from the bottom 3 cm
section of ice was very high (45.8 µM) on 28 April (Table 2)
when the chlorophyll-a concentration was highest (Table 1).
The concentration on 28 April decreased rapidly to 0.3 µM
on 9 June. The NH4 concentrations decreased from 8.6 µM
on 28 April to 3.5 µM on 20 May and then increased to
10.0 µM on 9 June, while the SiO4 concentrations decreased
gradually from 12.8 µM on 28 April to 2.8 µM on 9 June.
The concentration of PO4 decreased rapidly and was
undetectable on 9 June 2003. Since the nutrient concentra-
tions were measured after the ice samples had melted
completely, these concentrations for the ice should be con-
sidered minimal (Horner, 1985). In addition, Lavoie et al.
(2005) showed with a model that nutrient levels in the
bottom ice may fluctuate greatly during a diurnal cycle.
Therefore, the concentrations of nutrients from this study
might be overestimated or underestimated since the bottom
ice was collected at one time of day.
Effect of Light Intensity on Productivity
As expected, the carbon uptake rates of bottom ice algae
and underlying phytoplankton increased as the incubation
depth through the ice hole decreased and consequently
light intensity increased (Fig. 3). After the peaks, the
carbon uptake rates decreased. The uptake rates of
phytoplankton had patterns similar to those of ice algae
except in June, when the phytoplankton uptake rate kept
increasing as light increased. Similarly, the nitrate uptake
rates of ice algae and phytoplankton generally increased as
light intensity increased (Fig. 4). The uptake rates of
phytoplankton tended to peak under higher light intensities
than those of ice algal uptake. The maximum values of
nitrate-specific uptake rates for ice algae were two to three
times as high as those of phytoplankton for the three
observation periods. Since the light intensities at the dif-
ferent depths within the ice were measured around local
noon for each incubation, care must be taken when com-
paring the light intensities and derived parameters pre-
sented in Figures 3 and 4 with results from other studies.
TABLE 1. Physical parameters and chlorophyll-a concentrations in the bottom ice (3 cm) at the sampling sites on the land fast-sea ice at
Barrow in 2003.
Date 28 April 20 May 9 June
Air temperature (˚C)1 -3 0 1
Mean snow depth (cm) 7.5 20 3.5
Ice thickness (cm) 138 140 140
Temperature (˚C) in water column (2 m)2 -1.6 -1.6 -1.3
Salinity in water column (2 m)2 32 32 31
Temperature (˚C) in the bottom section (3 cm) of the ice1 -1 -2.5 -0.6
Bulk salinity in the bottom section (3 cm) of the ice2 13 8.4 5.3
Light intensity (µE m-2 s-1) at the ice-water interface3 6.7 3.4 14.9
Ice algal chlorophyll-a (mg Chl-a m-2) 26.9 4.9 1.2
1 Air and ice temperatures were measured with a traceable thermometer (VWR, accuracy of ± 2˚C).
2 Salinity and temperature for water column and bulk salinity for the bottom section of the ice were measured with a YSI model 85 meter
(accuracy of ± 2%).
3 Since light intensity below the bottom sea ice with ice algal layer was measured only once (at around noon) during the productivity
experiment, care must be taken when comparing these results to those from other studies.
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Effect of Nutrient Concentrations on Productivity
In general, the carbon-specific uptake rates of ice algae
and phytoplankton appeared to decrease after additions of
nutrients, although the decreases were not significant
(Table 3). The concentrations of nitrate and ammonium at the
maxima of carbon uptake rates of phytoplankton and ice
algae were similar to those of nitrate and ammonium in the
water column and the bottom of the ice, except that the carbon
uptake rate in NO3 enrichment on 28 April is higher because
of high nitrate concentration in the bottom ice (Table 2).
Light Intensity and Photosynthetic Carbon Allocations
Photosynthetic carbon allocations into different macro-
molecules of bottom-ice algae from the different depths of the
ice hole are shown in Table 4. At the 1.4 m depth in the ice,
relative carbon allocations into LMWM (54%) and proteins
(38%) were much greater than allocations into polysaccharides
and lipids. When ice algae were incubated at the 1.0 m depth
of the ice hole, LMWM and proteins were still the predomi-
nant carbon allocated-macromolecules. At the 0.5 m depth,
the allocation of LMWM increased to 69% of the total
allocation, whereas the protein allocation decreased to 13%.
For lipids, more carbon allocation was observed at the 0.5 and
1.0 m depths of ice than at the 1.4 m depth. The polysaccha-
ride proportion did not vary between different depths.
DISCUSSION
Light or Nitrogen Limitation
The carbon and nitrogen uptake experiments under
different light intensities showed that the production rates
FIG. 3. Carbon specific uptakes of (a) bottom ice algae and (b) phytoplankton at different light intensities on 28 April, 20 May, and 9 June 2003. α: photosynthetic
efficiency (mg C (mg Chl a)-1 (µE m-2 s-1)-1 h-1), Ik: photoacclimation parameter (µE m-2 s-1). Note the different vertical scales in the graphs.
TABLE 2. Inorganic nutrient concentrations at 2 m under the sea ice
and in the ice bottom layer (3 cm).
Concentration (µM)
Time NO3 NH4 SiO4 PO4
Water (2 m) 28 April 6.5 3.2 24.8 1.5
20 May 7.3 1.5 30.4 1.2
9 June 2.2 0.8 15.8 0.4
Ice Bottom (3 cm) 28 April 45.8 8.6 12.8 15.0
20 May 5.2 3.5 5.8 2.4
9 June 0.3 10.0 2.8 0
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of both ice algae and phytoplankton were evidently enhanced
by increased light intensities until reaching light inhibition
(Figs. 3 and 4). In contrast, the rates did not increase with
the addition of nitrate and ammonium. Rather, the regres-
sion models appeared to decrease under higher concentra-
tions of the nutrients, but the statistical analysis (t-test)
showed that the decreases were not significant (Table 3).
This could result from some methodological problem such
as stringing the incubation bottles under each other in the
water column (Fig. 2b), which would shade those beneath
and cause light-limited carbon uptakes. However, if the
bottom ice algae were more limited by nitrogen than by
light, their carbon uptakes would increase under more
nutrient conditions with light conditions relatively lower
than in situ from the shading. In addition, during the
observation period there were no substantial depletions in
nitrate and ammonium concentrations in the bottom sec-
tion of the ice (Table 2). The lowest concentration of
nitrate was 0.3 µM on 9 June 2003, but the concentration
in the brine channels where the ice algae reside is higher
than the value from the melted ice cores (Alexander et al.,
1974). The concentrations of nutrients at the maxima of
carbon uptake rates of ice algae and phytoplankton were
slightly higher than those of nutrients measured on water
samples and melted samples from the bottom of the ice
except on 28 April, when the nitrate concentration in the
bottom of the ice was 45.8 µM, perhaps as a result of brine
drainage, microbial activity (Horner and Schrader, 1982),
or leakage from the cells (Smith and Sakshaug, 1990). The
results suggest that during the study period ice algae and
phytoplankton were not limited by in situ nitrogen and the
nitrogen was likely sufficient under light limitation since
the carbon uptake rates of ice algae and phytoplankton
increased as light intensity increased. The mean assimi-
lated C/N ratios, which at 3.9 for ice algae and 3.3 for
phytoplankton were lower than the Redfield ratio (6.6),
support the idea that these algae were not nitrogen-limited.
But the particulate C/N ratios were higher (10.5 for
phytoplankton and 8.7 for ice algae) than the Redfield
ratio, probably because of the effect of detritus, carbon
excretion of dissolved organic carbon, or possibly produc-
tion of exopolymeric substances (Krembs et al., 2002).
Unfortunately, the experiment on the productivity of ice
algae or phytoplankton under increments of both light and
nitrogen was not performed. Instead of nitrate or ammonium,
PO4 might be a possible limitation for the ice algae at the
FIG. 4. Nitrate-specific uptakes of (a) bottom ice algae and (b) phytoplankton at different light intensities on 28 April, 20 May, and 9 June 2003. Note the different
vertical scales in the graphs.
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bottom of the ice (Haecky and Andersson, 1999). On
9 June 2003, the concentration of PO4 was undetectable at
the bottom section of the ice and relatively low in the water
(Table 2). Unfortunately, there was no PO4 enrichment
experiment for the carbon uptake of the bottom ice algae.
Numerous studies have shown that light is the major
limiting factor in the onset and early development of ice
algal blooms at the bottom of ice (Horner, 1985; Cota and
Smith, 1991; Smith et al., 1993; Haecky and Andersson,
1999; Lavoie et al., 2005). However, in the light increment
experiment on 9 June 2003, the carbon uptake rate of ice
algae was still enhanced by increased light intensities. This
suggests that the production of ice algae might be light-
limited through the sea ice season at Barrow, although the
light limitation effects vary between regions and times
because of differences in ice thickness and snow cover.
Photosynthetic Carbon Partitioning into Macromolecules
When the biomass of the bottom ice algae was highest
on 28 April 2003 (Table 1), the proportion of LMWM
production was 47 – 69% for different depths of the ice
hole (Table 4). The high proportion of carbon allocation
into LMWM has been previously reported for the ice algae
community (Smith et al., 1987; Mock and Gradinger,
2000) as well as for phytoplankton of the Southern Ocean
(Barlow and Henry, 1982). There are several possible
reasons for the high LMWM allocation of ice algae. First,
certain amino acids, sugars, or sugar alcohol might accu-
mulate as a result of osmo-regulatory or cold-resistance
functions (Franks, 1985; Smith et al., 1987). The tempera-
ture in the bottom parts of the ice cores was nearly constant
at around -1.5˚C during the observation period from 28
April to 9 June 2003 (Table 1). However, we found that the
LMWM proportion of ice algae decreased through the
season (Lee, 2005). The alternative is related to the domi-
nant pathway of the production of LMWM, which is the
precursor of macromolecules such as free amino acids and
carbohydrates as storage forms, under sufficient nutrient
conditions (Smith et al., 1989; Lindqvist and Lignell,
1997; Mock and Gradinger, 2000). Conover (1975) and
Dortch et al. (1984) described the storage of free amino
acids in diatom cells. The predominant ice algae commu-
nity is believed to be large, chain-forming diatoms at
Barrow (Alexander et al., 1974) found under sufficient
nutrient conditions when the biomass of the bottom ice
algae was highest on 28 April.
Under higher light conditions at 0.5 and 1.0 m depths
into the hole, the relative proportion of protein production
decreased compared to the 1.4 m depth, whereas the lipid
proportion increased somewhat. The tendency for carbon
incorporation into proteins of ice algae to decrease with
increasing light is consistent with results for marine
phytoplankton (Morris, 1981; Fernández et al., 1994; Suárez
and Marañón, 2003) and freshwater phytoplankton (Hama
et al., 1990), as well as for Arctic ice algae (Smith et al.,
1989). In contrast, allocation to lipids was positively
related to light intensity, as has been shown for Arctic ice
algae (Smith et al., 1987). Our results are very similar to
those of Smith et al. (1989) for Resolute Passage in the
central Canadian Arctic, although their incubation method
was different from that in this study: they scraped algae
from ice samples directly into filtered seawater and incu-
bated them under fluorescent lighting of various intensities.
Given the ongoing decrease in sea ice extent and thickness,
the higher lipid synthesis of the bottom ice algae incubated
at the shallower depths of the ice hole might be significant
to the current or future nutritional status of zooplankton
and benthic fauna. Because lipids are the most calorie-rich
biomolecules, their production by primary producers are a
critical energy source for higher trophic levels (Wainman
and Lean, 1992).
SUMMARY AND CONCLUSIONS
This study examined the effects of different light and
nitrogen conditions on rates of production and photosyn-
thetic parameters of ice algae and phytoplankton under the
snow-covered sea ice in a landfast sea-ice zone at Barrow,
Alaska. The results indicated that light, rather than NO3 or
NH4 concentration, was a main limiting factor for their
rates of production. Also, higher light conditions increased
lipid synthesis by the bottom ice algae, but lowered protein
production.
However, solving some methodological problems will
improve future studies. The nutrient concentrations in melted
ice cores can be very different from the concentrations in
TABLE 3. Summary of regression models relating carbon-specific uptake rates (Y) of bottom ice algae and phytoplankton to different
nitrate and ammonium concentrations (X) from the nutrient enrichment experiments on 28 April, 20 May, and 9 June 2003. All models are
of the form Y = aX + b; p is p-value, and n is sample number.
28 April 20 May 9 June
Ice algae Phytoplankton Ice algae Phytoplankton Ice algae Phytoplankton
NO3 NH4 NO3 NH4 NO3 NH4 NO3 NH4 NO3 NH4 NO3 NH4
a -0.000010 -0.000050 -0.000003 -0.000007 -0.000020 -0.000020 -0.000005 -0.000005 -0.000003 0.000200 -0.000020 -0.000010
b 0.00080 0.00011 0.00020 0.00020 0.00004 0.00004 0.00010 0.00020 0.00200 0.00210 0.00070 0.00060
R2 0.40 0.40 0.18 0.53 0.55 0.44 0.40 0.23 0.32 0.49 0.46 0.20
p 0.18 0.40 0.41 0.10 0.10 0.15 0.18 0.33 0.43 0.30 0.14 0.37
n 7 7 7 7 7 7 7 7 7 7 7 7
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TABLE 4. Photosynthetic carbon allocations into different
macromolecules of the bottom ice algae at three depths into the ice
hole on 28 April 2003.
Percent of Photosynthate
Depth into ice hole (m) LMWM1 Lipid Protein Polysaccharide
0.5 69.1 11.9 13.4 5.6
1.0 46.8 13.9 34.8 4.5
1.4 53.8 3.8 37.6 4.8
1 LMWM = low-molecular-weight metabolites.
the brine channels where the algae live. It would be better
to measure concentrations in the brine by separating the
brine from the core before melting, using centrifugation.
Then PO4 concentrations in the brine might provide some
idea about the possible PO4 limitation for the bottom ice
algae. PO4 is known to be an important potential limiting
factor for some algal communities (Haecky and Andersson,
1999). Therefore, PO4 enrichment experiments along with
those on nitrogen enrichment would be very helpful to
understand any nutrient limitation on ice algae and
phytoplankton productions at Barrow. In regard to light
measurements, light intensity through sea-ice holes or at
the sea-ice bottom should be carefully measured with
better tools (e.g., using an under-ice arm to minimize the
ice hole effect on the light field). Many attenuation possi-
bilities must be considered, since light intensity is very
low at the bottom sea ice and is greatly affected by
different conditions such as snow cover and ice hole.
For better understanding of phytoplankton and ice algae
production in the entire Arctic Ocean under ongoing
changes in the sea ice thickness and extent, more biophysi-
cal time series observations for ice algae and underlying
phytoplankton are needed in different types of sea ice in
many different regions of the Arctic Ocean. Ice algae and
phytoplankton might have different growth conditions at
different locations, especially for coastal and oceanic
environments. Moreover, an intensified study on light
intensities under different conditions (such as melting and
frozen snow cover and sediment trapped within sea ice) is
necessary since light is an important factor in controlling
production.
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